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OBJECTIVE. We report here an initial experience using 4D flow MRI in pelvic imag-
ing—specifically, in imaging uterine fibroids. We hypothesized that blood flow might corre-
late with fibroid volume and that quantifying blood flow might help to predict the amount of
embolic required to achieve stasis at subsequent uterine fibroid embolization (UFE).

MATERIALS AND METHODS. Thirty-three patients with uterine fibroids and seven
control subjects underwent pelvic MRI with 4D flow imaging. Of the patients with fibroids, 10
underwent 4D flow imaging before UFE and seven after UFE; in the remaining 16 patients with
fibroids, UFE had yet to be performed. Four-dimensional flow measurements were performed us-
ing Arterys CV Flow. The flow fraction of the internal iliac artery was expressed as the ratio of
internal iliac artery flow to external iliac artery flow and was compared between groups. The flow
ratios between the internal iliac arteries on each side were calculated. Fibroid volume versus in-
ternal iliac flow fraction, embolic volume versus internal iliac flow fraction, and embolic volume
ratio between sides versus the ratio of internal iliac artery flows between sides were compared.

RESULTS. The mean internal iliac flow fraction was significantly higher in the 26 patients
who underwent imaging before UFE (mean + standard error, 0.78 + 0.06) than in the seven pa-
tients who underwent imaging after UFE (0.48 +0.07, p <0.01) and in the seven control patients
without fibroids (0.48 + 0.08, p < 0.0001). The internal iliac flow fraction correlated well with
fibroid volumes before UFE (r = 0.7754, p < 0.0001) and did not correlate with fibroid volumes
after UFE (r =-0.3051, p = 0.51). The ratio of embolic required to achieve stasis between sides
showed a modest correlation with the ratio of internal iliac flow (r = 0.6776, p = 0.03).

CONCLUSION. Internal iliac flow measured by 4D flow MRI correlates with fibroid
volume and is predictive of the ratio of embolic required to achieve stasis on each side at sub-
sequent UFE and may be useful for preprocedural evaluation of patients with uterine fibroids.

ccurate and noninvasive assess- These characteristics of MRI may provide in-
ment of pelvic blood flow is a po-  terventionalists and gynecologists with more
tentially valuable clinical tool for  comprehensive information to guide the opti-
evaluating patients with pelvic ab- ~ mal management of patients.

normalities, including uterine fibroids. Ultra-
sound (US) is often used as the first-line imag-
ing modality to identify fibroids but can be
limited by operator experience and sonograph-
ic windows and does not allow quantification of
blood flow. MRI is often performed for routine
evaluation before uterine fibroid embolization
(UFE) because of its ability to more fully de-
pict and characterize fibroids, provide soft-tis-
sue characterization including degree of de-
generation and necrosis [1], and delineate the
anatomy of the uterus and adjacent pelvic
structures [2]. Recent improvements and
availability of 4D flow MRI are now on the
cusp of making routine quantification of blood
flow clinically feasible and robust [3-5].

UFE has emerged as a mainstay treatment
of uterine fibroids because of its efficacy and
its minimally invasive nature [6, 7]. UFE re-
lies on delivery of embolic particles through
the vasculature supplying the fibroids, usu-
ally facilitated by high flow in the uterine
artery, resulting in fibroid ischemia, necro-
sis, and volume reduction [8—11]. Although
UFE is an attractive method for treatment,
several characteristics are considered when
selecting patients who would benefit from
this therapy. Uterine fibroids characterized
as hypervascular have longer regrowth-free
intervals after UFE than their hypovascular
counterparts [12, 13]. In addition, the degree
of UFE-induced necrosis has been shown to
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correlate with improved clinical outcomes
[14, 15]. It is therefore possible that measure-
ment of arterial blood flow may be comple-
mentary to other MRI techniques in the eval-
uation of patients before and after UFE.

The current MRI techniques for evaluat-
ing fibroid vascularity include quantifying en-
hancement with time—signal intensity curves
and evaluating perfusion [9, 16-19]. Howev-
er, these methods do not measure actual blood
flow; instead, they show extracellular leakage
of gadolinium contrast agents into the high-
ly leaky interstitial space of a fibroid [17]. Al-
though not routinely performed at all centers,
MR angiography (MRA) can provide addi-
tional information regarding fibroid vascula-
ture including uterine artery anatomy and ex-
trauterine blood supply sources such as the
ovarian artery or other vessels [20-25]. Tra-
ditional MRA can provide exquisite detail
of vascular anatomy and a road map before
UFE, but it does not quantify blood flow un-
less phase-contrast techniques are used.

Over the past decade, time-resolved 3D
phase-contrast MRA (4D flow imaging) has
emerged as a robust tool to assess flow in
the cardiovascular system, especially in the
context of congenital heart disease and aor-
tic aneurysms by acquiring phase-contrast
velocity data in 3D [26-28]. Its use has also
been expanded to include the abdomen for
assessment of portal hepatic flow [3, 29, 30].
Four-dimensional flow imaging allows quan-
tification of blood flow in any plane after ac-
quisition, which is a significant advancement
from the conventional 2D phase-contrast
MRI approach that is more often used. The
latter requires precise planes to be prescribed
before each acquisition, requiring significant
operator expertise and a priori knowledge of
the vessel of interest [4]. In recent years, ac-
quisition of 4D flow data has become more
efficient through accelerated scanning tech-
niques such as compressed-sensing and par-
allel imaging [5, 31]. These techniques have
significantly shortened 4D flow scanning
time to enable its incorporation into rou-
tine MRI protocols, whereas before the time
needed for scanning was prohibitive.

At the University of California, San Di-
ego, we have added a highly accelerated
variant of 4D flow MRI to our routine pel-
vic MRI protocol for patients being clinical-
ly assessed for uterine fibroids. In this pilot
study, we aimed to assess the potential val-
ue of 4D flow imaging for the assessment of
pelvic arterial flow before UFE. We hypoth-
esized that measurements of blood flow from
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4D flow imaging might be able to provide
additional information previously inaccessi-
ble by MRI. We compared blood flow in pa-
tients with fibroids and control subjects with-
out fibroids. We also compared blood flow
in patients with fibroids with fibroid volume
and laterality and the amount of embolic re-
quired at subsequent UFE. Finally, we postu-
lated that lower blood flow as assessed by 4D
flow imaging would be detected in patients
who had undergone UFE with a subsequent
decrease in the size of their fibroids.

Materials and Methods

We obtained institutional review board approv-
al at the University of California San Diego to ret-
rospectively review the records of patients who
underwent routine pelvic MRI including 4D flow
imaging between September 2015 and November
2016 in a manner compliant with HIPAA. This re-
view included MRI examinations of 33 patients
with uterine fibroids and seven control patients who
underwent pelvic MRI for other issues not related
to fibroids or other uterine abnormalities. Of the pa-
tients with fibroids, 10 underwent 4D flow imaging
before UFE and seven after UFE; the remaining 16
patients with fibroids had yet to undergo UFE.

For patients who underwent UFE after MRI
with 4D flow imaging, the total volume of
nonspherical polyvinyl alcohol (PVA) particles
(PVA Foam Embolization Particles, Cook Medi-
cal) required for uterine artery stasis was tabulat-
ed from procedure reports. In brief, the UFE pro-
cedure was initiated with right common femoral
arterial access followed by an aortogram obtained
using a catheter (Omni Flush, AngioDynamics) at
the level of the renal arteries with imaging cen-
tered at the pelvic region. The Omni Flush cath-
eter was exchanged for either a uterine cathe-
ter (Roberts Uterine Catheter, Cook Medical) or
a long reverse curve uterine catheter (Impress,
Merit Medical Systems), with subsequent selec-
tion and angiograms at the origins of both uterine
arteries. A coaxial microcatheter (Maestro, Merit
Medical Systems) was used only if the uterine ar-
tery was small or if its origin was sharply angled.

At our institution, embolization was initiated
with 200-pm PVA particles, which ranged between
180 and 300 pum in diameter, followed by 300-pum
PVA particles, which ranged between 300 and 500
pum in diameter. The volume of embolic delivered
refers to the original dry volume of embolic be-
fore reconstitution in 20 mL of iohexol 240 (Om-
nipaque 240, GE Healthcare), and the volume of
embolic was tabulated during the procedure by the
interventional radiology technologist. Each vial of
PVA particles consisted of 1 mL of total dry em-
bolic. Embolization of each uterine artery was per-

formed until stasis within the artery was achieved.
Final completion angiograms with hand injection
on each side were obtained to confirm nonfilling
of the uterine artery. The interventional radiologist
performing UFE was not aware of the flow mea-
surements before or during the procedure.

All MRI examinations were performed on the
same 3-T MRI unit (GE Discovery MR750 3T, GE
Healthcare) using a 32-channel body-array coil.
Conventional protocol sequences included coro-
nal and axial T2-weighted single-shot fast spin-
echo (FSE), sagittal and oblique axial T2-weight-
ed fast-relaxation FSE, and axial DWI (b value =
500-1000 s/mm?). Multiphasic dynamic contrast-
enhanced MRI (gadobutrol [Gadavist 0.1 mL/
kg, Bayer HealthCare Pharmaceuticals]) was per-
formed using differential subsampling with Car-
tesian ordering (DISCO) [32]. This sequence was
followed by a contrast-enhanced liver acquisition
with volume acceleration (LAVA-Flex, GE Health-
care) sequence in the axial, sagittal, and coronal
planes. Contrast-enhanced 4D flow MRI was then
performed using a retrospectively cardiac-gated
spoiled gradient-recalled sequence with 4-point
encoding, a 15° flip angle, TR/TE of 5.5/2.9, and
bandwidth of 62 kHz. The typical acquired spatial
resolution was 2.1 x 2.8 x 1.6 mm (right-left X ante-
rior-posterior x inferior-superior) and the velocity-
encoding speed was 120 cm/s. This sequence was
optimized using combined parallel imaging, com-
pressed sensing, and respiratory self-navigation for
a total acceleration of 6.4 (3.2 phase x 2.0 slice) [31,
33]. The average scanning time for the 4D flow se-
quence was 8—12 minutes, and scanning was per-
formed during free breathing.

Up to four uterine fibroids were measured in
three orthogonal dimensions on conventional
T2-weighted or contrast-enhanced LAVA-Flex
sequences in each patient. Clusters of more than
three fibroids were measured in conglomerate. Fi-
broid volumes were summed for each patient, and
reviewers noted if fibroids exhibited a lack of en-
hancement or exhibited necrosis.

In the 26 patients who had not undergone UFE,
the volume of necrosis was subtracted from the to-
tal fibroid volume. Patients showing twice the fi-
broid volume or greater on one side of the endo-
metrium versus the other were considered to have
anatomic laterality of their fibroids.

All 4D flow measurements were made using
Arterys CV Flow (Arterys). Flow was measured
(in liters per minute) with orthogonal ROIs at the
distal aorta just before the iliac bifurcation, bilat-
eral common iliac arteries, external iliac arteries,
and proximal internal iliac arteries in triplicate
locations for each vessel (Fig. 1). Ovarian artery
flow was measured when the blood supply to the
fibroids was detected on DISCO images. The total
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Pelvic Blood Flow Measurements Using 4D Flow MRA Before UFE

TABLE |: Demographic and Procedure Characteristics and Mean Flow Values

of Patient Groups

Patients With Fibroids )
Control Subjects
Characteristic Before UFE (n=26)| After UFE(n=7) (n=17)
Age at MRl (y) 44.1+10.6 43.0+9.4 47.6+9.0
Weight (kg) 68.8+14.3 65.6+10.2 66.5+11.5
Body mass index? 25.6+5.5 24.2+4.0 25.7+6.3
Fibroid volume (mL) 4030.1+2427.8 1299.7 £+ 1101.0 NA
Time from MRI to UFE, if applicable (mo) 2.0+0.9 NA NA
Time from UFE to MRI, if applicable (mo) NA 471+37.8 NA
No. of UFEs b 1104 NA
Flow (L/min)
Distal aorta 1.33+0.30 1.07£0.40 1.49+0.47
Right commoniiliac artery 0.66 +0.16 0.52+0.18 0.77+0.27
Right external iliac artery 0.38+0.11 0.35+0.16 0.57 +0.26
Rightinternal iliac artery 0.28+0.10 0.17+0.03 0.26+0.10
Left commoniliac artery 0.60+0.18 0.50+0.19 0.71+£0.24
Left externaliliac artery 0.36 +0.12 0.37+£0.18 0.53+0.23
Leftinternaliliac artery 0.25+0.09 0.13+0.04 0.25+0.12

Note—Data are presented as mean + standard error. UFE = uterine fibroid embolization, NA = not applicable.
a\Weightin kilograms divided by the square of heightin meters.
bAll patients had one UFE session when it was performed after 4D flow imaging.

internal iliac flow fraction was measured as the ra-
tio of the internal iliac artery flow to external iliac
artery flow for each patient. Flow fractions were
used to address potential variations in flow be-
tween patients due to other factors such as body
mass or underlying atherosclerotic disease. Sepa-
rate internal iliac flow fractions were also calcu-
lated for each contralateral side. Contralateral flow
differences were measured by comparing flow ra-
tios between internal iliac arteries on each side.
To assess internal consistency in flow measure-
ments, we constructed Bland-Altman plots compar-
ing summed flow in the bilateral common iliac ar-
teries with that of the distal aorta and comparing
summed flows of both the internal and external il-
iac arteries with the common iliac arteries. Patient
characteristics, demographics, and average flow
measurements among groups are shown in Table 1.
Total internal iliac flow fractions were com-
pared between control subjects, patients with fi-
broids who underwent imaging before UFE, and
patients with fibroids who underwent imaging af-
ter UFE. Contralateral internal iliac flow differ-
ences were compared between control subjects
and patients with and without fibroid anatomic
laterality. In patients who underwent MRI before
UFE, differences between contralateral internal
iliac flow values and internal iliac flow ratios were
correlated with the ratio of embolic volume re-
quired to stasis between each side. Statistical sig-
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nificance between all groups was determined us-
ing unpaired two-tailed ¢ tests with a type 1 error
rate (a) of 0.05. Fibroid volume versus total inter-
nal iliac flow fractions, total volume of PVA em-
bolic versus internal iliac flow fraction for each
side, and the ratio of embolic volume between
sides versus the ratio of internal iliac artery flows
between sides were plotted, and Pearson correla-
tion coefficients were calculated. Data are present-
ed as mean =+ standard error (SE).

Results
Internal lliac Flow Fractions in Patients With
Fibroids and Control Subjects

We assessed pelvic arterial blood flow
with 4D flow imaging by quantifying the in-
ternal iliac flow fraction as the ratio of inter-
nal iliac arterial flow to external iliac arte-
rial flow. Elevated internal iliac artery flow
was seen in the 26 patients with fibroids
who underwent imaging before UFE; imag-
ing showed that the total internal iliac artery
flow was actually greater than that of the ex-
ternal iliac artery flow in six of these 26 pa-
tients and that at least one side showed high-
er internal iliac arterial flow than external
iliac arterial flow in eight of the 26 patients
(Fig. 2). The mean internal iliac flow fraction
in the 26 patients with fibroids who under-
went imaging before UFE was significant-

ly higher (mean + SE, 0.78 + 0.06), reflect-
ing underlying fibroid hypervascularity, than
that in the seven patients with fibroids who
underwent imaging after UFE (0.48 + 0.07,
p <0.01) and the seven control subjects with-
out fibroids (0.48 + 0.08, p < 0.0001) (Fig.
3). These differences were readily apparent
on oblique vector-overlay 4D flow views pro-
filing the external and internal iliac arteries
side-by-side. More robust flow in the internal
iliac artery of pre-UFE fibroid patients was
clearly seen compared with post-UFE fibroid
patients and control subjects (Fig. 4). Inter-
nal iliac flow fractions correlated well with
fibroid volumes in patients with fibroids who
underwent imaging before UFE (r = 0.7754,
p <0.0001) (Fig. 5). However, we did not see
this correlation in patients with fibroids who
underwent imaging after UFE (r = —0.3051,
p = 0.51), likely reflecting underlying de-
vascularization with necrosis occurring to a
greater extent than fibroid volume reduction.

Laterality of Internal lliac Flow Detected by
4D Flow Imaging

We assessed pelvic flow laterality by com-
paring the ratio of internal iliac artery flows
between sides in each patient and compared
with fibroid anatomic laterality. Anatom-
ic laterality matched flow laterality in 12 of
15 patients but showed a wide distribution of
flow ratios between internal iliac arteries on
each side that were not significantly different
from those of patients without anatomic lat-
erality (Fig. 6). This observation was likely
contributed to supply from the contralateral
vasculature. Mean flow ratios between inter-
nal iliac arteries on each side for fibroid pa-
tients with and those without anatomic later-
ality were 1.54 = 0.14 (n = 12 patients) and
1.42 £ 0.10 (n = 18 patients) (p = 0.39), re-
spectively. Control patients without fibroids
had a mean flow ratio between the internal il-
iac arteries on each side of 1.12 +0.03, which
was significantly lower than the values in fi-
broid patients with and those without ana-
tomic laterality (both, p < 0.01).

In keeping with the wide distribution of
flow ratios between internal iliac arteries on
each side in fibroid patients, 4D flow imag-
ing may highlight differences in flow that are
not readily apparent on conventional MRA
or catheter angiography. Figures 7A and
7B show a patient with a single midline fi-
broid (patient 7 in Table 2), with apparent
equal contributions from both uterine arter-
ies seen on DISCO MRA. Four-dimensional
flow imaging (Figs. 7C and 7D) performed
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TABLE 2: 4D Flow Imaging and Uterine Fibroid Embolization (UFE) Procedural Data for Patients Who Underwent
MRI With 4D Flow Imaging Before UFE

) | Rightinternallliac Artery Left Internal lliac Artery Embolic Volumes? (mL) ) )
Patient | Total Fibroid Contralateral Internal Embolic Volume Ratio
No. | Volume (mL) | Flow Fraction | Flow (L/min) | Flow Fraction | Flow (L/min) Iliac Flow Ratio Right Side Left Side Between Sides

1 680.6 0.84 0.27 0.55 0.10 2.76 0.75(300 pm); | 0(300 pm); 10.67
0.85(200 pm) | 0.15(200 pm)

2 2736.7 0.51 0.22 0.74 0.30 1.38 1.5(300 pm); | 2.5(300 pm); 1.50
0.5(200 ym) | 0.5(200 pm)

3 5508.6 1.42 0.39 1.09 0.29 1.36 1.5(300 pm); | 1.0(300 um); 1.33
0.5(200 pm) | 0.5(200 pm)

4b 6541.5 0.87 0.24 0.51 0.12 1.92 5.0(300 pm); | 0(300pm); 19.00
0.7(200 pm) | 0.3(200 pm)

5 9829.1 0.91 0.21 1.92 0.31 1.49 1.25(300 pm); | 1.75 (300 pm); 2.75
0.5(200 pm) | 0.5(200 pm)

6 2981.4 0.82 0.38 0.61 0.29 1.31 1.25(300 pm); | 1.75 (300 pm); 1.29
0.5(200 pm) | 0.5(200 pm)

7 3509.5 0.58 0.26 0.51 0.17 1.54 3.0(300 pm); | 1.0(300 pm); 2.33
0.5(200 pm) | 0.5(200 pm)

8 4749.4 0.64 0.38 0.70 0.39 1.02 1.75(300 um); | 2.0 (300 pm); mm
0.5(200 pm) | 0.5(200 pm)

9 1087.5 0.27 0.14 0.37 0.18 1.31 0.25(300 pm); | 1.0(300 pm); 2.00
0.5(200 ym) | 0.5(200 pm)

10 4663.9 0.81 0.23 0.89 0.25 1.10 0.25(300 pm); | 2.0(300 pm); 3.33
0.5(200 pm) | 0.5(200 pm)

Note—Boldface values indicate the side that showed higher flow and that required greater volume of embolic to achieve stasis.
aValues in parentheses are diameters of polyvinyl alcohol particles.
beft ovarian artery supply to fibroids. Flow was 0.04 L/min. Fibroids were subsequently embolized with 0.75 mL of 200-pm polyvinyl alcohol particles.

before UFE showed higher flow in the right
internal iliac artery than in the left (0.26 vs
0.17 L/min). A pelvic aortogram obtained at
subsequent UFE showed roughly equal con-
spicuity of both uterine arteries, with each
supplying a large proportion of the fibroid
on subsequent selective injections (Figs. 7E—
7G). The right side required more than twice
the volume of embolic to achieve stasis (0.5
mL of 200-um PVA particles and 3.0 mL of
300-um PVA particles) compared with the
left (0.5 mL of 200-um PVA particles and
1.0 mL of 300-um PVA particles).

4D Flow Imaging and Uterine Fibroid
Embolization

We aimed to assess whether 4D flow im-
aging could predict embolic requirements at
UFE by comparing gross flow (in liters per
minute) and unilateral internal iliac flow
fraction with the required volume of embol-
ic to stasis. We saw positive correlations be-
tween volume of PVA embolic required to
stasis on each side with both unilateral inter-
nal iliac flow fractions (r = 0.5423, p = 0.10
[Fig. 8A]) and gross flow (r = 0.4156, p =
0.23 [Fig. 8B]). The greatest differences in
volume required to stasis between different

192

patients were seen with the larger 300-pum
PVA particles. When looking at differences
in flow and embolic used between contralat-
eral sides, a stronger positive correlation was
seen between the ratio of PVA embolic re-
quired to stasis between sides and the con-
tralateral internal iliac flow ratio (r = 0.6776,
p = 0.03 [Fig. 8C]). Differences in flow be-
tween contralateral internal iliac arteries
identified by 4D flow imaging correctly pre-
dicted which side would require a higher vol-
ume of PVA embolic to stasis in nine of 10
patients who later underwent UFE (Table 2).
In the one patient with a mismatch between
the side requiring a higher volume of embol-
ic and the side with higher flow, the differ-
ences between both respective values were
minimal (patient 6 in Table 2).

Contribution of Ovarian Artery Flow as
Assessed by 4D Flow Imaging

We detected that the ovarian artery was
contributing to fibroid vascular supply on the
multiphasic DISCO sequence in two patients,
one of whom later underwent UFE (patient 4
in Table 2). In this latter patient, the left ovar-
ian artery was supplying the left side of her
single right-sided fibroid, with 0.04 L/min of

flow as assessed by 4D flow imaging (Figs.
9A-9C). The second patient had a more sub-
stantial ovarian artery contribution, with bi-
lateral supply to her fibroids (Figs. 9D-9G).

Internal Consistency of Flow Measurements

To confirm consistency and accuracy of flow
measurements by 4D flow imaging, we com-
pared the sum of flow measurements of down-
stream vessels—that is, the flow of the distal
abdominal aorta with the sum of flow of the
bilateral common iliac arteries and both com-
mon iliac arteries with the sum of their respec-
tive downstream external and internal iliac ar-
teries. Bland-Altman plots were constructed for
each comparison, as shown in Figure 10. Al-
most all measurements fell within 2 SDs of the
flow differences between the vessel of interest
and its downstream counterparts, indicating in-
ternal consistency of measurements.

Discussion

In this study, we show the clinical feasibili-
ty of 4D flow MRI for quantifying blood flow
in the pelvis. To our knowledge, this study is
the first application of this technique to this
clinical indication, and our results illustrate
its broader potential for pelvic imaging. We

AJR:210, January 2018
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observed that internal iliac flow not only cor-
related with fibroid volume but also predicted
the amount of embolic required for stasis on
each side at subsequent embolization. Before
embolization, patients with uterine fibroids
had significantly higher internal iliac flow
fractions (internal iliac flow fraction ratios)
than control patients without fibroids. This
difference reflects the typical hypervascular
nature of fibroids [12]. After UFE, internal
iliac flow fractions significantly decreased.
Because the goal of UFE is to devascularize
the fibroids, rendering them ischemic, this re-
sult is not surprising; internal iliac flow frac-
tion values were substantially lower in post-
UFE patients who had subsequent decrease
in fibroid size, suggesting that internal iliac
flow fraction may be a useful metric to incor-
porate into the postprocedural evaluation of
UFE patients. In addition, although it is dif-
ficult to predict blood flow asymmetry from
anatomic imaging alone, measurement of in-
ternal iliac blood flow appears to better pre-
dict the amount of embolic required. This not
only may provide value for procedural plan-
ning but also shows its potential as a clinical
tool in studying the occasionally complex un-
derlying vascular supply to uterine fibroids.

We were able to show that 4D flow imag-
ing could reliably predict the side and amount
of embolic required for stasis at subsequent
UFE. Although it may be difficult to directly
correlate flow values to discrete volumes of
embolic, this observation can serve as a semi-
quantitative validation measure, because it is
presumed that higher flows will require more
volume to achieve stasis and vice versa. Most
accepted UFE protocols call for evaluating
and embolizing both uterine arteries, but dif-
ferentiation of flow laterality may be of value
for practitioners who have advocated a uni-
lateral approach in the appropriate clinical
setting [34]. Regardless, knowledge of poten-
tially requiring higher embolic volumes on a
particular side based on 4D flow data, espe-
cially when the differences are not apparent
on conventional MRI or even catheter angiog-
raphy, may help anticipate procedural require-
ments and potentially increase efficiency. The
exact volumes required to stasis may differ
with other types of embolic agents depend-
ing on their physical properties. However, our
results with nonspherical PVA particles sug-
gest that flow values would potentially corre-
spond to embolic volumes among cohorts of
patients who undergo embolization with dif-
ferent agents. However, this theory needs to
be validated with additional studies.

AJR:210, January 2018

Ovarian artery supply to fibroids can occur
in up to 10% of patients and can be a frequent
cause of treatment failure when only the uter-
ine arteries are embolized [35, 36]. Knowl-
edge of not only the presence of ovarian ar-
tery supply, but also quantification of its flow
to fibroids can serve as valuable information
regarding the significance of its contribution.
Although ovarian artery supply was identi-
fied in only two of our patients using a high
spatiotemporal resolution anatomic DISCO
sequence in our protocol, we were able to
show that 4D flow imaging could reliably de-
lineate and quantify the flow in these vessels.
These results further suggest an additional
application for 4D flow imaging in evaluating
patients with fibroids before and after UFE.

Our results suggest that 4D flow imaging
may have an application in evaluating pa-
tients before and after UFE. Although the
interventional radiologists performing the
procedures were not aware of the 4D flow im-
aging results before, during, or after emboli-
zation, the results of this study suggest that
4D flow imaging may add valuable informa-
tion moving forward and also opens doors for
future studies. Four-dimensional flow imag-
ing may highlight fibroid patients with low-
er-than-expected internal iliac artery flows,
which may indicate that those fibroids are
less dependent on blood flow and may not re-
spond as well to UFE. In addition, 4D flow
imaging after UFE may show the efficacy of
embolization by measuring the extent of flow
decrease, which could be incorporated with
other postprocedural indicators of treatment
success, such as fibroid size and enhancement
and decrease in symptoms. Both of these is-
sues are subject to future work.

Our study has several limitations. This is
a single-center retrospective study of a rel-
atively small number of patients, and as a
pilot study, does not have longitudinal flow
measurements before and after UFE for the
same patients. Future studies may be helpful
to compare whether internal iliac flow frac-
tion may better predict resolution of fibroid
symptoms than residual post-UFE fibroid
volume. In addition, blood flow was assessed
in the proximal internal iliac artery rather
than the uterine artery, because of the small
size of the uterine arteries and nonvisualiza-
tion of the uterine arteries in control sub-
jects. Regarding UFE, there is some natural
subjectivity of the performing intervention-
alists on the size and volume of embolic used
to achieve stasis. Finally, although we did
not correlate our flow measurements with a

confirmatory modality, extensive prior work
has shown that 4D flow imaging has excel-
lent agreement with well-established meth-
ods of measuring flow such as catheter angi-
ography, ultrasound, and 2D phase-contrast
MRI [37-40]. Further validation and work
to optimize the accuracy and precision of
flow measurements in small arteries such as
the uterine and ovarian arteries are expected
in the future. As the 4D flow imaging tech-
nique continues to advance and evolve, lon-
gitudinal measurements in the same patients
before and after UFE will provide addition-
al insights into flow as a biomarker and pre-
dictor of treatment response. As of 2017, 4D
flow MRI is available at only select academ-
ic institutions and is predominantly applied
to the evaluation of thoracic cardiovascular
system and portal venous system. However,
as more MRI vendors implement this tech-
nique, we expect its use and availability to
expand and may find that it is useful in the
assessment of other pelvic vascular patholog-
ic entities such as pelvic congestion.
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Fig. 1—Representative 4D flow MR image of 46-year-old female control subject
with menorrhagia shows where flow measurements were obtained. All flow
measurements were performed in triplicate at different locations along each
vessel. No uterine fibroids were found.

Fig. 2—55-year-old woman with large dominant
midline fibroid and additional large pedunculated
fibroid.

A and B, Streamline rendered vendor 4D flow images
taken during systole (A) and diastole (B) show robust
flow in leftinternaliliac and uterine arteries. Flow
within leftinternaliliac artery was almost twice that
of ipsilateral external iliac artery (0.31 vs 0.16 L/min,
respectively). Large dominant midline fibroid and
additional large pedunculated fibroid arising from
right (arrow) are seen.

C, Graph of flow in milliliters per second (y-axis)
plotted versus time in seconds (x-axis) throughout
cardiac cycle obtained using Arterys CV Flow
(Arterys) confirms robust flow in left internal iliac and
uterine arteries.

D, Selective digital angiogram of left uterine artery
confirms extensive supply to not only midline fibroid
but also right pedunculated fibroid (arrow); these
findings correlate to findings seen on 4D flow images
(A and B). For uterine fibroid embolization, total of 5.5
mL of polyvinyl alcohol (PVA) embolic (0.5 mL of 200-
um PVA particles and 5.0 mL of 300-um PVA particles)
was needed to achieve stasis in left uterine artery,
and 2.0 mL of PVA embolic (1.5 mL of 200-um PVA
particles and 0.5 mL of 300-um PVA particles) was
needed to achieve stasis in right uterine artery.
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Fig. 3—Bar graph shows that 26 patients with fibroids who underwent 4D flow
imaging before uterine fibroid embolization (UFE) had markedly elevated internal
iliac flow fractions (mean + standard error [SE], 0.78 + 0.06) compared with seven
patients with fibroids who underwent 4D flow imaging after UFE (0.48 + 0.07, p<
0.01) and seven control subjects (0.48 +0.08, p< 0.0001). Whiskers show mean +
1SE.

Fig. 4—Representative oblique vector overlay 4D flow views profiling external and internal iliac arteries side-by-side in patients with fibroids and control subject.
A-C, More robust flow in internal iliac artery (arrows) is clearly seen in 55-year-old woman with fibroids who underwentimaging before uterine fibroid embolization
(UFE) (A) than in 30-year-old woman with fibroids who underwent imaging after UFE (B) and 37-year-old female control subject (C).
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Fig. 5—Plot of fibroid volume versus total internal iliac flow fractions in patients
with fibroids who underwent imaging before uterine fibroid embolization

(UFE) (circles) and in patients with fibroids who underwentimaging after UFE
(triangles). Internal iliac flow fractions correlated well with fibroid volumes
before UFE (r=0.7754, p<0.0001) but not after UFE (r=-0.3051, p=0.51). Solid
line =linear regression of patients before UFE. Dotted line = linear regression of
patients after UFE.
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Fig. 6—Box-and-whisker plot shows quartile distribution of contralateral iliac
flow ratios in fibroid patients with (excluding patients where flow and anatomic
laterality did not match) and without anatomic laterality of their fibroids and in
control subjects. Wide distribution of contralateral internal iliac flow ratios were
seenin fibroid patients irrespective of whether they had anatomic laterality. In
control subjects without fibroids, contralateral iliac flow ratios were lower and
showed less variability than in patients with fibroids. Lines inside boxes = median,
upper lines of boxes = third quartile, lower lines of boxes = first quartile, whiskers =

maximum and minimum.

Fig. 7—Four-dimensional flow imaging may
highlight differences in flow that are not apparent
on conventional MR angiography or catheter
angiography. In this example, patientis 34-year-old
woman with single midline fibroid (patient 7 in Table 2).
A and B, T2-weighted image (A) and MR angiogram
(B) show single midline fibroid with apparent equal
contribution from both uterine arteries (arrow, A).
C and D, Four-dimensional flow images obtained
before uterine fibroid embolization (UFE) of right side
(C) and left side (D) show higher flow in rightinternal
iliac artery thanin leftinternal iliac artery (arrows)
(0.26 vs 0.17 L/min, respectively).

(Fig. 7 continues on next page)
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F G

Fig. 7 (continued)—Four-dimensional flow imaging may highlight differences in flow that are not apparent on conventional MR angiography or catheter angiography. In
this example, patient is 34-year-old woman with single midline fibroid (patient 7 in Table 2).

E, Pelvic aortogram (iodixanol [Visipaque 320, GE Healthcare] administered at 15 mL/s for 2 seconds) obtained at subsequent UFE shows roughly equal conspicuity of
both uterine arteries with each supplying large proportion of fibroid on subsequent selective injections.

F and G, Right uterine digital angiogram (F) and left uterine digital subtraction angiogram (G). Right side required more than twice as much volume of embolic to achieve
stasis (0.5 mL of 200-pm polyvinyl alcohol [PVA] particles and 3.0 mL of 300-pm PVA particles) compared with left (0.5 mL of 200-pm PVA particles and 1.0 mL of 300-pm

PVA particles).
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Fig. 8—Internaliliac flow as measured by 4D flow correlates with volume of
embolic required to achieve stasis.

A, Graph shows positive correlation between volume of polyvinyl alcohol (PVA)
embolic required to achieve stasis on each side and unilateral internal iliac flow
fractions (r=0.5423, p=0.10). Solid line = linear regression.

B, Graph shows positive correlation between volume of PVA embolic required to
achieve stasis on each side and gross internaliliac artery flow (r=0.4156, p=0.23).
Solid line = linear regression.

C, Graph shows stronger positive correlation between ratio of PVA embolic
required to achieve stasis between sides and contralateral internal iliac flow ratio
(r=0.6776, p=0.03). Solid line = linear regression.
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Fig. 9—Four-dimensional flow imaging can
measure contribution of ovarian artery to flow
to uterine fibroids.

A-C, MR angiogram (A), 4D flow image (B),
and left ovarian angiogram (C) of 41-year-

old woman with fibroids. MR angiogram
shows left ovarian artery supply (arrow, A)

to left side of single right-sided fibroid. Four-
dimensional image shows flow of left ovarian
artery (arrow, B) is 0.04 L/min. Subsequent
left ovarian angiogram obtained at uterine
fibroid embolization confirms that ovarian
artery (arrow, C) is supplying fibroids. Fibroids
were then embolized with 0.75 mL of 200-pm
polyvinyl alcohol particles.

D-G, MR angiogram (D) and 4D flow image of
right ovarian artery (E) and MR angiogram (F)
and 4D flow image of left ovarian artery (G)

of 45-year-old woman with fibroids. Images
show bilateral ovarian artery supply to fibroids
(arrows). Right ovarian artery flow was
measured at0.03 L/min, and left ovarian artery
flow was measured at0.04 L/min.
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Fig. 10—Consistency of 4D flow measurements were confirmed with Bland-
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